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ABSTRACT: Trapping lithium polysulfides formed in the
sulfur positive electrode of lithium—sulfur batteries is one of
the promising approaches to overcome the issues related to
polysulfide dissolution. In this work, we demonstrate that
intrinsically hydrophilic magnesium oxide (MgO) nanoparticles
having surface hydroxyl groups can be used as effective
additives to trap lithium polysulfides in the positive electrode.
MgO nanoparticles were uniformly distributed on the surface
of the active sulfur, and the addition of MgO into the sulfur
electrode resulted in an increase in capacity retention of the
lithium—sulfur cell compared to a cell with pristine sulfur
electrode. The improvement in cycling stability was attributed
to the strong chemical interactions between MgO and lithium
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polysulfide species, which suppressed the shuttling effect of lithium polysulfides and enhanced the utilization of the sulfur active
material. To the best of our knowledge, this report is the first demonstration of MgO as an effective functional additive to trap

lithium polysulfides in lithium—sulfur cells.
KEYWORDS:

B INTRODUCTION

Lithium-ion batteries (LIBs) have been the most dominant
power sources for portable electronic devices for two decades,
and the growing demand for higher energy density applications
such as electric vehicles and grid-scale energy storage systems
requires great improvement in the energy density of current
LIBs.' Lithium—sulfur batteries have a higher theoretical
energy density than that of conventional LIBs and are therefore
considered as one of the most promising candidates for future
batteries.*”” Moreover, lithium—sulfur batteries are environ-
mentally friendly and are cost-competitive due to the natural
abundance of sulfur.®® However, practical applications of
lithium—sulfur batteries are still hindered by the low utilization
of sulfur, poor cycling stability and poor rate capability. These
problems are mainly due to the following issues: (a) the poor
electronic conductivity of sulfur and discharge products, (b) the
high volume expansion upon lithiation of sulfur to form Li,S,
which leads to capacity fading during cycling, and (c)
dissolution of intermediate lithium polysulfides (Li,S,, 4 < «x
< 8) into the electrolyte solution, which triggers a polysulfide
shuttle process and results in low Coulombic efficiency, loss of
active material and poor cycle life.*”'® Various methods to
address these issues have been reported including modifying
the electrode to confine the lithium polysulfides within the
sulfur positive electrode,'”"> improving electronic conductivity
using a conductive matrix,">~"" directly utilizing Li,S in the
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cathode,"® modifying the separators to mitigate shuttle effects,"”
using carbon-based anodes,” optimizing the electrolyte
composition to suppress the dissolution of polysulfides into
the electrolyte solution,”’ and protecting the Li electrode to
minimize the shuttle effect.””™* Among these approaches,
physically trapping lithium polysulfides within the electrode by
encapsulating sulfur particles has been widely pursued using
various carbonaceous materials such as porous carbon, carbon
spheres, carbon nanotubes, carbon fibers and conductive
polymers.'>'#>*7*> However, these methods result in weak
physical interactions with lithium polysulfides and could only
minimize the dissolution/migration of polysulfides to some
extent due to the change in morphology that arises from the
80% volume expansion of the sulfur electrode on discharge.*®
Therefore, chemical interactions are required to effectively trap
the polysulfides in the positive electrode. This was successfully
demonstrated using two-dimensional materials such as
graphene oxide and amino functionalized graphene oxide,
where the polysulfide interacted with oxygen and amino-
functional groups, respectively.”’~*° Another promising
approach employed in previous studies is the addition of
hydrophilic and polar host oxide materials such as mesoporous
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SiO,, ALO;, TiO, Ti,O,; and MnO, in the sulfur positive
electrode, which effectively trapped the polysulfides.*' ~*

In this study, a simple and facile method is reported to
confine lithium polysulfide in the sulfur positive electrode, as
schematically illustrated in Figure 1. Magnesium oxide (MgO)
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Figure 1. Schematic illustration of the adsorption of lithium
polysulfide on the surface of a MgO nanoparticle. (a) For a pristine
sulfur electrode without MgO, dissolution of lithium polysulfide into
the electrolyte occurs upon lithiation, and sulfur is gradually lost with
repeated cycling. (b) For a sulfur electrode with MgO as an adsorbent,
lithium polysulfides are adsorbed on the MgO surface upon lithiation
and are retained within the positive electrode, resulting in stable
cycling performance.

nanoparticles were used as functional additives to chemically
bind the lithium polysulfide within the positive electrode to
enhance the cycling stability of lithium—sulfur cells. Consider-
ing the hydrophilic nature of MgO nanoparticles and the
presence of hydroxyl groups on MgO surface,”” ™" we expected
that polysulfide would be effectively adsorbed onto the MgO.
In addition, magnesium metal is more electropositive than the
previously studied transition metals such as Ti and Mn, which
would facilitate strong chemical binding with lithium
polysulfides. As a result, lithium—sulfur cells with a small
amount of MgO in the sulfur positive electrode exhibited better
capacity retention and higher Coulombic efficiency than
lithium—sulfur cell with pristine sulfur because of the effective
suppression of polysulfide dissolution. The detailed mechanism
of lithium polysulfide binding by MgO nanoparticle was
elucidated using X-ray photoelectron spectroscopic (XPS)
analysis.

B EXPERIMENTAL SECTION

Preparation of the SMgO Composites. A mixture of MgO
nanoparticles (Sigma-Aldrich) and elemental sulfur (Sigma-Aldrich) in
different ratios was dispersed in ethanol and was ball-milled for 2 h at
600 rpm. The resulting mixture was then dried at 60 °C overnight to
remove the ethanol solvent. Three different compositions of SMgO
composites with S:MgO weight ratios of 95:5, 90:10, and 80:20 were
prepared using the above procedure, and these will be designated
hereafter as SMgO-S, SMgO-10, and SMgO-20, respectively.

Synthesis of Lithium Polysulfide (Li,S,) and MgO-Li,S, for
Studying Polysulfide Adsorption. Lithium polysulfide was
synthesized according to the procedure reported by Nazar et al.*’” In
a typical preparation, sulfur and 1 M lithium triethylborohydride in
tetrahydrofuran (THF) (superhydride solution, Sigma-Aldrich) were
mixed in a molar ratio of 1:2.75 until the sulfur was completely
dissolved. The solution was dried under vacuum to obtain a yellow
product followed by final washing with toluene to remove the
unreacted substances. The precipitate was dried in a vacaum oven and
a fine yellow powder (Li,S,) was finally obtained. Then, S mg of Li,S,
was dissolved in S mL of THF (Sigma-Aldrich), and 40 mg of MgO
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was added into the solution followed by stirring for 1 h. The solution
was allowed to settle, and the precipitated product was dried in
vacuum to obtain MgO-Li,S, for XPS analysis. All the procedures were
carried out in an Ar-filled glovebox.

Electrode Preparation and Cell Assembly. The positive
electrode was prepared by coating an N-methyl-2-pyrrolidone
(NMP)-based slurry containing 60 wt % SMgO composite (SMgO-
S, SMgO-10 and SMgO-20), 30 wt % super-P carbon (MMM Co.)
and 10 wt % poly(vinylidene fluoride) (PVdF) onto aluminum foil.
The pristine sulfur cathode was prepared as a control sample in a
similar manner without using MgO additive. The mass loading of the
active sulfur in the positive electrode was about 1.8—2.0 mg cm ™2 The
negative electrode consisted of a 100 pm thick lithium foil (Honjo
Metal Co. Ltd.) pressed onto a copper current collector. A CR2032-
type coin cell was assembled by sandwiching the polyethylene
separator (Asahi ND 420) between the lithium negative electrode
and the sulfur positive electrode. The cell was then injected with an
electrolyte solution consisting of 1 M lithium bis-
(trifluoromethanesulfonyl)imide (LiN(SO,CF;),, LiTESI) in a
mixed solvent of 1,3-dioxalane (DOL) and 1,2-dimethoxyethane
(DME) (50/50 by volume) including 2 wt % LiNOj as an electrolyte
additive. All cells were assembled in a drybox filled with argon gas.

Characterization and Measurements. Scanning electron micro-
scope (SEM, JEOL JSM 6701F) analyses were performed to
investigate the morphology of MgO nanoparticles and SMgO
composites. Energy dispersive X-ray spectroscopy (EDX) mapping
was used for surface elemental characterization of the SMgO
composites. XPS spectra were obtained to investigate the interactions
between MgO nanoparticles and lithium polysulfides using a VG
multilab ESCA 220i system. Samples were loaded using a sealed tube
filled with Ar in the glovebox and were quickly transferred to the XPS
vacuum chamber. All spectra were fitted with a Gaussian peak fit
function and a Shirley-type background. X-ray diffraction (XRD)
patterns of the materials were recorded in the 26 range from 10 to 70°
using a Rigaku D/MAX 2500 diffractometer. Thermogravimetric
analysis (TGA) was carried out on a Mettler Toledo SDTQG600
instrument with a heating rate of 10 °C min™" from room temperature
to 1000 °C to determine the sulfur content in the SMgO composites.
AC impedance measurements were conducted using a Zahner Electrik
IM6 impedance analyzer in the frequency range of S mHz to 100 kHz
with an AC voltage amplitude of S mV. Charge and discharge cycling
tests of the lithium—sulfur cells were carried out at 0.2C rate over a
voltage range of 1.5 to 3.0 V at 25 °C using battery test equipment
(WBCS 3000, WonA Tech Co., Ltd.). Cyclic voltammograms were
obtained using a Zahner Electrik IM6 potentiostat in the potential
range of 1.5 to 3.0 V at a scan rate of 0.5 mV s~

B RESULTS AND DISCUSSION

The SMgO composites were prepared by ball-milling a mixture
of sulfur and MgO nanoparticles in three different composi-
tions, and the morphologies of the resulting SMgO composites
were characterized by SEM (Figure 2). Figure 2a shows that the
MgO nanoparticles have an average particle size of about 50

Figure 2. SEM images of (a) MgO nanoparticles, (b) SMgO-5, (c)
SMgO-10, and (d) SMgO-20 composites.
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Figure 3. (a) X-ray diffraction patterns of S, MgO nanoparticles, and SMgO-10 composite. (b) TGA curves of sulfur and SMgO composites.
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Figure 4. (a) Charge and discharge curves of the lithium—sulfur cell with SMgO-10 composite at 0.2C rate, and (b) discharge capacities of the
lithium—sulfur cells with pristine sulfur, SMgO-5, SMgO-10, and SMgO-20 composites at 0.2C rate as a function of cycle number.

nm. For the SMgO-5 composite, MgO nanoparticles were
randomly and sparsely distributed on the surface of the
micrometer-sized sulfur particles. The amount of MgO
nanoparticles was not sufficient to cover the surface of the
sulfur in SMgO-§, and therefore trapping of polysulfides in the
electrode was not expected to be efficient (Figure 2b). In
contrast, MgO nanoparticles were uniformly dispersed on the
surface of active sulfur in the SMgO-10 composite, and this
composite showed good contact between sulfur and MgO
nanoparticles (Figure 2c). To further confirm the uniform
distribution of MgO nanoparticles on the surface of the sulfur,
EDX elemental maps of sulfur, magnesium and oxygen atoms
in the SMgO-10 composite were obtained (Figure S1). As
shown in figure, Mg and O were uniformly distributed on the
surface of the sulfur, which was in good agreement with the
SEM result. In the case of the SMgO-20 composite (Figure 2d),
the agglomeration of MgO nanoparticles was observed
throughout the surface of the sulfur particles, indicating that
the amount of MgO was too high to obtain a uniform
distribution of MgO nanoparticles on the surface of the sulfur.

XRD patterns of pristine sulfur, MgO and SMgO composite
(SMgO-10) are presented in Figure 3a. The diffraction pattern
of pristine sulfur showed crystalline peaks matching those of the
standard orthorhombic sulfur (JCPDS no. 08—0247).* The
XRD pattern of MgO nanoparticles was crystalline in nature,
and corresponded well with JCPDS no. 45—0946."> The XRD
pattern of the SMgO composite showed crystalline peaks
corresponding to both MgO and pristine sulfur, indicating that
MgO nanoparticles were present on the surface of the sulfur,
and the crystalline structure of the sulfur in the SMgO
composite was maintained after the ball-milling process. The
amount of sulfur in the various SMgO composites was
determined from the TGA curves of sulfur and SMgO
composites shown in Figure 3b. Sulfur was completely
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decomposed around 300 °C, and the sulfur contents in the
SMgO-5, SMgO-10, and SMgO-20 composites were calculated
to be 93, 90, and 80 wt %, respectively.

To confirm that the MgO nanoparticles are electrochemically
inactive in the potential range of 1.5 to 3.0 V, the cyclic
voltammograms of the SMgO-10 and MgO electrodes were
examined, and the results are shown in Figure S2. The SMgO-
10 electrode exhibits two peaks in the cathodic scan. These
peaks are typical of a sulfur-based electrode, where the peak at
higher potential is attributed to the reaction of cyclic sulfur with
lithium ions to form soluble long-chain polysulfides (Li,Sy, 4<
X < 8), followed by the formation of insoluble lithium sulfides
(Li,S,/Li,S) at 2.0 V. During the anodic scan, a broad and
overlapped peak is observed, which corresponds to the
conversion of discharge products to cyclic sulfur. In contrast,
the MgO electrode without sulfur does not show any redox
peaks, indicating that the MgO nanoparticles are electrochemi-
cally stable and does not directly contribute to the specific
capacity of the SMgO composite electrodes. The lithium—
sulfur cells assembled with different cathode materials were
initially subjected to a preconditioning discharge cycle to 1.5 V
at 0.05C rate before cycling tests, and the resulting discharge
voltage profiles are shown in Figure S3. The contents of active
sulfur in the positive electrodes prepared with the pristine
sulfur, SMgO-5, SMgO-10, and SMgO-20 composites were
determined to be 60.0, 55.8, 54.0, and 48.0 wt %, respectively,
with an active sulfur mass loading of 1.8—2.0 mg cm ™ in the
positive electrode. The specific capacities of the lithium—sulfur
cells were calculated based on the mass of active sulfur in the
electrode. We found that the lithium—sulfur cells assembled
with SMgO composites exhibited higher discharge capacities
than the cell with pristine sulfur, and the discharge capacity
increased with increasing MgO content in the SMgO
composite. This result can be ascribed to the adsorption of
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Figure 5. (a) Charge and discharge curves of the lithium—sulfur cell assembled with SMgO-10 composite at various C rates, and (b) rate capability
of the lithium—sulfur cells with pristine sulfur and SMgO-10 composite.

soluble lithium polysulfides by MgO nanoparticles, which
allows a higher amount of longer chain polysulfides to be
formed prior to the electrolyte saturation with soluble
polysulfides. This assumption was confirmed based on the
fact that the upper discharge plateau was the longest in the cell
with SMgO-20 composite electrode, indicating that a higher
amount of longer-chain polysulfides was formed. Accordingly,
the lithium—sulfur cell with SMgO-20 composite delivered the
highest discharge capacity of 1090.3 mAh g '. After the
preconditioning cycle, the cells were cycled in the potential
range of 1.5-3.0 V at 0.2C rate. The typical charge and
discharge curves of the lithium—sulfur cell assembled with
SMgO-10 composite are presented in Figure 4a. The charge
and discharge voltage profiles display two discharge plateaus at
around 2.2 and 2.0 V, and two overlapping charge plateaus at
around 2.3 V, which are consistent with the cyclic voltammetry
results. The cell delivered an initial discharge capacity of 862.0
mAh g™ and exhibited stable cycling characteristics.

The cycling performance of the lithium—sulfur cells with
pristine sulfur, SMgO-5, SMgO-10 and SMgO-20 composites
are compared in Figure 4b. As shown, the lithium—sulfur cell
with pristine sulfur suffered from rapid capacity decay showing
capacity retention of 20.0% after 100 cycles, which may be due
to the dissolution of lithium polysulfides into the electrolyte
solution during cycling. In contrast, the lithium—sulfur cells
with SMgO composites showed higher initial discharge
capacities and more stable cycling characteristics than the cell
with pristine sulfur. The cell with SMgO-10 composite
exhibited the best cycling stability among the cells investigated.
The enhanced cycling performance in the cell with a SMgO-10
composite could be attributed to the favorable morphology of
the SMgO-10 composite wherein MgO nanoparticles were
uniformly distributed on the surface of the sulfur, which
allowed effective trapping of lithium polysulfides in the positive
electrode during cycling. Although lithium polysulfides could
also be trapped in the SMgO-20 composite, only the MgO in
direct contact with the sulfur surface could be utilized to form
Li,S, and Li,S. This may result from the fewer electronic
conductive pathways caused by the agglomeration of MgO
nanoparticles, as evidenced from the SEM image in Figure 2d.
The cell with a SMgO-5 composite showed less stable cycling
behavior than the cell with SMgO-10 composite, indicating that
the amount of MgO in SMgO-5 was too low to effectively trap
the lithium polysulfides in the positive electrode. Based on
these results, we concluded that the optimum content of MgO
nanoparticles to obtain the best cycling stability was 10 wt % in
the SMgO composite. Further, the sulfur content was kept
constant (54 wt %) and the amount of MgO was varied (3, 6,
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and 9 wt %) to eliminate any possible effects from the amount
of sulfur in the electrode. The cycling results of the lithium—
sulfur cells with different amount of MgO at fixed sulfur
content are presented in Figure S4. All the composite
electrodes exhibited higher discharge capacity and better
capacity retention compared to the pristine sulfur electrode.
However, the excessive addition of MgO gave an adverse effect
on the cycling stability due to the reduction of electronic
conductivity and the agglomeration of MgO nanoparticles in
the composite electrode. It should be noted that the composite
electrode with a composition of S:MgO = 54:6 corresponds to
SMgO-10. Figure S5 shows the Coulombic efficiencies of the
lithium—sulfur cells assembled with different electrodes. The
cell with SMgO-10 composite exhibited higher Coulombic
efficiency than the cells with pristine sulfur and other SMgO
composites. The irreversible capacity of lithium—sulfur cells
was mainly associated with the shuttle reaction of lithium
polysulfides.” Thus, the higher Coulombic efficiency in the cell
with SMgO-10 suggests that the addition of 10 wt % MgO
nanoparticles in the sulfur composite can suppress the shuttle
reaction of lithium polysulfides by effectively binding the
lithium polysulfides to the positive electrode.

The rate capability of the lithium—sulfur cell assembled with
SMgO-10 composite electrode at various C rates was evaluated,
and the corresponding charge and discharge voltage profiles are
shown in Figure Sa. As shown, the overpotential increased with
increasing current rate. In addition, the upper and lower
discharge plateaus were shortened, indicating that the electro-
chemical reaction was limited by both electronic conductivity
and ionic diffusivity at higher rates. We attributed this result to
the highly insulating nature of sulfur and the discharge products
along with the slow diffusion kinetics of lithium ions in sulfur.
The rate performances of the lithium—sulfur cells assembled
with pristine sulfur and SMgO-10 composite are compared in
Figure Sb. An improvement in rate performance was clearly
observed in the cell with the SMgO-10 composite. This result
could be attributed to the enhanced charge transfer reaction at
the interface due to the addition of MgO nanoparticles, which
is consistent with the previous report that the addition of metal
oxides as additives into the sulfur cathode reduced the charge
transfer resistance.*” The cell with SMgO-10 also exhibited an
ability to recover its capacity when the C rate was decreased
from 2.0 to 0.1C. These results demonstrate that the addition
of MgO nanoparticles not only increased the cycling stability
but also enhanced the rate capability of the lithium—sulfur cell.
To understand the reason for the improved rate capability in
the cell with SMgO-10, we performed AC impedance
measurements in the cells with pristine sulfur and SMgO-10;
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MgO-Li,S, mixture.

these results are shown in Figure S6. The measurements were
carried out in fresh cells at open circuit potential so that we
could neglect the effect of the solid electrolyte interphase (SEI).
As shown in the figure, both cells exhibited similar electrolyte
resistance values (Rg) including electrode contact resistance in
the high frequency region. A noticeable difference was observed
in the charge transfer resistance (R,) at the electrode and
electrolyte interface in the medium-to-low frequency range.
The cell with the SMgO-10 composite showed a much lower
charge transfer resistance than the cell with pristine sulfur,
indicating that the charge transfer reaction was enhanced by
addition of MgO nanoparticles.

We also investigated the interactions between lithium
polysulfides and MgO nanoparticles, and the results are
presented in Figure 6. MgO nanoparticles were mixed with
Li,S, solution to simulate the same environment that they
would experience in the sulfur positive electrode with MgO
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additive. The Li,S, solution was initially dark yellow in color
(Figure 6a), and the solution became clear and transparent after
stirring for 1 h in the presence of MgO nanoparticles (Figure
6b), indicating that the MgO nanoparticles effectively adsorbed
the lithium polysulfide. XPS analysis was performed in order to
examine the types of interactions between MgO and Li,S,.
High-resolution S 2p XPS spectra of Li,S, and Li,S,-adsorbed
MgO nanoparticles are shown in Figures 6¢, d, respectively.
The deconvoluted XPS spectrum of Li,S, showed two S 2p;,
contributions at 161.3 and 162.9 eV, which were assigned to
terminal (S;™') and bridging sulfur (Sg°) atoms, respectively.
This observation is consistent with spectra of lithium
polysulfides reported in previous studies.”** In contrast, the
S 2p XPS spectrum of the MgO-Li,S, mixture was quite
different, revealing four different sulfur environments. Two
peaks were attributed to Li,S, with terminal and bridging sulfur
peaks at 161.6 and 163.3 eV, respectively. In addition to these,
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two more peaks were observed at 166.8 and 168.2 eV, which
were assigned to thiosulfate and polythionate complexes,
respectively, resulting from the strong interactions between
MgO and Li,S,.**

The formation of thiosulfate could be attributed to the
presence of OH groups on the surface of hydrophilic MgO,
which was confirmed by the XPS analysis. The O 1s spectrum
(Figure 7a) shows deconvoluted peaks at 529.5 and 532 eV,
which could be assigned to the lattice oxygen component and
the surface — OH groups, respectively, based on the previously
reported values for commercial MgO particles.”® An insoluble
polythionate complex could be formed by the catenation
reaction, and this complex acts as a transfer mediator for Li,S,
and Li,S. To further support the strong interaction between
MgO and Li,S,, XPS Mg 2p spectra of both MgO nanoparticles
and the MgO-Li,S, mixture were analyzed (Figure 7b). A small
shift of 0.2 eV to a higher binding energy was observed after the
interaction of Li,S, with MgO. This result can be attributed to
the electropositive nature of magnesium, which forces electrons
away from the metal core because of the presence of a
polysulfide environment,” resulting in a slight increase in the
binding energy.

B CONCLUSIONS

We demonstrated that the hydrophilic MgO nanoparticles
uniformly distributed on the surface of sulfur could increase the
cycling stability of lithium—sulfur cells by confining the lithium
polysulfides to the positive electrode. Two mechanisms were
suggested for the strong interactions between MgO nano-
particles and polysulfides: (i) the presence of surface hydroxyl
groups on MgO nanoparticles resulting in the formation of
intermediate insoluble species such as thiosulfate and
polythionate complexes, which could bind the soluble
polysulfides and promote the formation of insoluble lithium
sulfide, and (ii) the presence of more electropositive centered
Mg sites resulting in increased binding energy after the
interaction of MgO with polysulfides. Because of these strong
interactions, the lithium—sulfur cell with SMgO-10 composite
demonstrated the best cycling performance with capacity
retention of 83.8% after 100 cycles.
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